Log 10 frequency of rifampicin-resistant variants in a control culture of Staphylococcus epidermidis ATCC 35985 ( ) and cultures exposed to 0.008 mg/L rifampicin for 24 h at a low inoculum (6.3 10 9 M ATP) ( ), at an intermediate inoculum (7.9 10 8 M ATP) ( ) and at a high inoculum (2 10 7 M ATP) ( ). Vertical bars indicate mean of log 10 cfu/mL in three experiments S.D.
Introduction
Coagulase-negative staphylococci have become an increasing problem because of their tendency to adhere to biomaterials, where they can form biofilm. Biofilm infections are often difficult to treat with antibiotics, possibly due to decreased growth rates of the bacteria. 1 Rifampicin has been shown to have an antibacterial effect on both multiplying and non-multiplying Staphylococcus epidermidis ATCC 35984, whereas amikacin, imipenem, ofloxacin and vancomycin were effective only on multiplying cultures. 2 Since the introduction of rifampicin, development of resistance has been observed. Caused by single point mutations in the RNA polymerase gene, rpoB, 3 this was first described for Escherichia coli. 4 Other antibiotics have been given together with rifampicin to avoid development of rifampicin resistance, though this has not always been successful. 5 The aim of this study was to investigate the frequencies of sub-populations in biofilm-producing S. epidermidis ATCC 35984 resistant to rifampicin and to investigate factors affecting development of rifampicin resistance.
Materials and methods

Culture conditions
S. epidermidis ATCC 35984 was grown overnight in Mueller-Hinton broth (MHB) (BBL, Becton Dickinson, Cockeysville, MD, USA) at 36°C. For the last 2 h of incubation the overnight culture was agitated on a rotary shaker at 100 rpm.
Bioluminescence assay of bacterial ATP
The bioluminescence assay of bacterial ATP was used to adjust the inoculum at the start of the experiments and to monitor growth. With this assay we measured the total amount of intracellular ATP in the sample. 10 8 M ATP corresponds to approximately 10 7 cfu/mL. 6 
Microscopy
The overnight culture was studied in a Helber bacteria counting chamber (Weber Scientific International Ltd, Teddington, UK) at 500 magnification using phase contrast microscopy.
Antibiotic
Rifampicin (Sigma Chemical Company, St Louis, MO, USA) was dissolved in dimethylsulphoxide and serially diluted in water to the desired concentrations of 100-fold the final concentrations in the culture vessels. © 1997 The British Society for Antimicrobial Chemotherapy JAC different bacterial densities were added to the flasks. Turbidity was recorded at 24 h. The 'skip tube' phenomenon is defined as a tube in a dilution series which reveals no growth, even though tubes containing higher concentrations of drug fail to inhibit the strain.
MIC determinations in broth
Susceptibility testing on agar
From cultures of the MIC determinations in broth, disc diffusion tests were performed. Paper discs containing 5 g rifampicin (AB Biodisk, Solna, Sweden) were placed on PDM agar (AB Biodisk) seeded with culture adjusted to an estimated density of 10 6 cfu/mL. The inhibition zones were measured and interpreted as either resistant ( 24 mm) or susceptible ( 27 mm) according to the recommendations of the Swedish Reference Group for Antibiotics. On turbid broth cultures MIC was also determined by the Etest (AB Biodisk) using PDM agar plates.
Population analysis
After 24 h the MIC determinations in broth were read, whereafter population analyses were performed. The flasks were thoroughly mixed and 0.2 mL portions were removed and diluted serially in 1.8 mL aliquots of phosphatebuffered saline. Fifty microlitres from each dilution was dropped on Mueller-Hinton agar containing different concentrations of rifampicin (0.0005-32 mg/L). The drops were allowed to dry at room temperature, the plates were incubated for 48 h at 36°C and the colonies were then counted. The frequencies of variants resistant to different concentrations of rifampicin were calculated by dividing the number of colonies on plates containing antibiotic by the number of colonies on plates without antibiotic. Ten passages of the resistant cultures were done in drug-free MHB. Susceptibility testing on agar with disc diffusion tests were done on the passaged cultures.
Results
Inoculum effect of MIC determinations
At an inoculum of 8.8 10 4 cfu/mL, the MIC of rifampicin for S. epidermidis ATCC 35984 was 0.016 mg/L. MIC was 32 mg/L at 1.1 10 7 cfu/mL and 5.6 10 7 cfu/mL (Table) .
In cultures with high bacterial numbers ( 1. 8 10 6 cfu/mL) exposed for 24 h to 0.008 mg/L of rifampicin the cultures became resistant to rifampicin. The same inocula exposed to 0.008 mg/L of rifampicin remained susceptible. In cultures with low initial bacterial numbers ( 2.1 10 5 cfu/mL), the regrowing bacteria were always susceptible to rifampicin (Table) . MICs with Etest were performed on all regrown cultures with a starting inoculum of 1.1 10 7 cfu/mL. The MICs of cultures exposed to rifampicin 0.004 mg/L were 0.008 mg/L, whereas the
Rifampicin resistance in S. epidermidis
MICs of cultures exposed to rifampicin 0.008 mg/L were 256 mg/L.
Clumping
Due to the unexpectedly large differences between anticipated and achieved inocula measured with bioluminescence and viable counting, respectively (Table) , we attempted to estimate the number of bacterial cells by microscopy. We found that bacterial enumeration in a counting chamber was inappropriate because a considerable number of very large aggregates were present.
Quantification of bacteria during incubation with rifampicin in broth
Regrowth of the cultures with an inoculum of 7.5 10 9 M ATP was monitored; two growth patterns were seen. The cultures exposed to low concentrations of rifampicin ( 0.008 mg/L) regrew immediately and remained susceptible to rifampicin (Table) and the MIC was persistently 0.008 mg/L. The cultures exposed to 0.016 mg/L of rifampicin regrew after 10-12 h and became resistant to rifampicin (Table) with an MIC of 256 mg/L.
Population analysis
In a culture not exposed to rifampicin, the frequency of variants resistant to 0.016-32 mg/L of rifampicin was approximately 10 7 ( Figure) . During exposure to rifampicin 0.008 mg/L broth for 24 h the number of bacteria in the culture seemed to be critical for selection and regrowth of resistant variants. When a low inoculum (6.3 10 9 M ATP) was exposed to 0.008 mg/L of rifampicin the frequency of variants resistant to 0.016-32 mg/L remained 10 7 . At an intermediate inoculum of 7.9 10 8 M ATP, the frequency of variants resistant to 0.016-0.25 mg/L of rifampicin was approximately 10 4 after exposure to 0.008 mg/L of rifampicin, whereas at a high inoculum (2 10 7 M ATP) exposed to 0.008 mg/L of rifampicin, the whole regrowing population became resistant to rifampicin, and after exposure to 4 mg/L of rifampicin the whole regrowing population of bacteria always became resistant to rifampicin. In all cultures in which rifampicin resistance developed, the resistance remained stable through ten passages in MHB and there were no macroscopic phenotypic differences.
Discussion
The tendency of S. epidermidis ATCC 35984 to form aggregates made determination of the start inoculum by viable counting somewhat uncertain (Table) , while intracellular ATP levels were more predictable (Table) . Since the ATP level in each cell is approximately 10 18 mol for several bacterial species, including staphylococci, 6 we can assume that the true bacterial density is approximately ten-fold higher than when estimated by viable counts (Table) .
A high number of bacteria in a culture is important in order to detect drug-resistant variants since frequencies of resistant variants are usually low. 7, 8 The importance of this is shown in the Table. At inocula of 10 5 cfu/mL there was no selection and regrowth of resistant variants because resistant variants were not included in the vials, while at the intermediate inocula, the resistant variants may or may not be included in the culture vessels, which causes the 'skip tube' phenomenon (Table) . This was also found by Kunin et al. 8 using an inoculum of 10 6 cfu/mL of S. aureus. In agreement with our results, others have shown that bacteria grown in the presence of initially inhibitory concentrations of rifampicin become much more resistant to rifampicin than the original culture. 8, 9 Thus, in an exposed culture with sufficient inoculum the whole population of susceptible bacteria will be replaced by the resistant sub-population, as shown by population analysis (Figure) . Increasing the concentration of rifampicin to 32 mg/L did not prevent this development of resistance.
The development of resistance in rifampicin-exposed cultures is different from that induced by other agents such as aminoglycosides 7 and ciprofloxacin. 10 These variants are 16-32 times more resistant than the unexposed population and selection and regrowth of these variants can be inhibited by a 16-to 32-fold increase in antibiotic concentration. In our study, all cultures of S. epidermidis exposed to 0.016-32 mg/L of rifampicin that regrew, had become highly resistant, irrespective of initial inoculum size (Table) . The resistant variants selected by rifampicin were more than 8000 times more resistant than the unexposed culture and their growth could not be prevented by increasing the concentration during rifampicin exposure. This is in agreement with Kunin et al. , who found at least a 1000-fold increase in MIC at a high inoculum 8 of S. aureus exposed to rifampicin.
In conclusion, we have in this study demonstrated that rifampicin at concentrations at and above MIC (determined at approximately 10 5 cfu/mL) selects highly resistant variants, provided the number of bacteria is high. The rifampicin-resistant sub-populations in a susceptible culture usually cannot be detected with a standard MIC determination. The resistant variants are stable and cannot be eradicated by an increase in rifampicin concentration. At sub-inhibitory concentrations there is no development of rifampicin resistance.
